Proton nuclear magnetic resonance longitudinal-relaxation-rate measurements have been used to investigate the molecular events that occur during the early stages oT the polymerization process of sickle hemoglobin. The In this model, the histidyl residues for which the T1-' values are greatly increased in sickle hemoglobin solutions as compared with those in normal hemoglobin are viewed as being located in or near the "contact" areas between sickle hemoglobin molecules within the pregelation aggregates. Thus, this magnetic resonance technique can also be used to identify the intermolecular contacts in the polymerization of sickle hemoglobin.
hydroxyethyl)imino]tris(hydroxymethyl)methane (pH 6.8) in 2120 . These proton resonances in hemoglobin occur at a position 1.5-5.0 ppm downfield from that of residual water in 2H20. The T1-1 values for the C2 protons of several surface histidyl residues in sickle hemoglobin in the deoxy state were sensitive to the temperature and the concentration of hemoglobin, factors known to have a profound effect on the polymerization process of sickle hemoglobin. For hemoglobin concentrations of 13.5% or less and temperatures of 25°C or less, the T1-' values in sickle hemoglobin solutions were the same as the corresponding values in normal hemoglobin, except for the C2 proton of ,2 histidine, which had a larger T1-' value. When the temperature or the hemoglobin concentration was increased (i) several additional histidine resonances in sickle hemoglobin solutions had larger T1-1 values than the corresponding ones in normal hemoglobin and (ii) the differences between the T1-' values (sickle versus normal hemoglobin) of these histidine resonances as well as that of the,2 histidine resonance gradually increased. It is proposed that these results reflect the formation of small aggregates in the deoxygenated sickle hemoglobin solutions before gelation.
In this model, the histidyl residues for which the T1-' values are greatly increased in sickle hemoglobin solutions as compared with those in normal hemoglobin are viewed as being located in or near the "contact" areas between sickle hemoglobin molecules within the pregelation aggregates. Thus, this magnetic resonance technique can also be used to identify the intermolecular contacts in the polymerization of sickle hemoglobin.
Sickle hemoglobin (Hb S) is a mutant protein in which the amino acid residue at the sixth position of the j3 chain is valine rather than glutamic acid as in normal human adult hemoglobin (Hb A) (1) . The most striking difference between Hb A and Hb S is that, in the deoxygenated state, the latter polymerizes under certain experimental conditions. This aggregation property of deoxy Hb S is responsible for the clinical manifestations of patients who have sickle cell anemia. During the last decade, a large amount of information has been obtained on the molecular, kinetic, and cellular properties of Hb S, as well as on those factors that affect the polymerization process. However, the detailed molecular mechanism of the sickling process (6, 8, 9) and that these differences are not restricted to the region around the mutation site at 06 valine but are extended to other parts of the Hb S molecule. In the study reported here, we investigated the involvement of these specific areas on the surface of the Hb S molecule in the early stages of the polymerization process. To do so, we extended the 'H NMR investigation by measuring the longitudinal relaxation rates (Tj-') of the C2 protons of the surface histidyl residues that can be observed in the 1H NMR spectrum of the Hb molecule at 360 MHz.
MATERIALS AND METHODS Materials. Fresh sickle and normal human adult blood samples were obtained through the Sickle Cell Society of Western Pennsylvania, Inc., and the local Blood Bank, respectively, and were washed and lysed by the standard procedure (10) . Hb A was prepared by the normal procedure (11) , and Hb S was purified from the hemolysate as described (8 with Chelex-100 (100-200 mesh, Bio-Rad) (13) . All Hb samples were exchanged 4 times with 2H20 (99.8% 2H, Blo-Rad) through an UM20 ultrafiltration membrane (Amicon). The 2H20 used was freed from paramagnetic metal ion impurities by glass distillation followed by extraction with 0.05% dithizone in CCI4 (14) . All glassware used was soaked overnight in alkaline EDTA and then washed with deionized distilled water. The pH values of the Hb samples were measured in the CO form at room temperature by using a Beckman pH meter (model 3500) having a combination electrode (Beckman 39505). They are reported here as direct pH meter readings, uncorrected for the 2H isotope effect on the glass electrode [p2H = pH + 0.4 (15) ].
The deoxy Hb samples in 0.1 M bis(2-hydroxyethyl)iminotris(hydroxymethyl)methane (Bistris) were prepared as described (11).
Methods. The longitudinal relaxation times (Tjs) of the C2 protons of the histidyl residues of Hb A and Hb S were measured at 360 MHz by using a Bruker WH360/180 NMR spectrometer. The spectrometer was locked on the solvent 2H signal. The quadrature detection mode was used. The sweep width was 6000 Hz; each spectrum was the result of averaging 200 scans. The longitudinal relaxation times were measured by using an inversion-recovery method having the following pulse sequence: [180'-t-90'-tW]n. The length of a 90°pulse, determined by using the proton signal of the residual water in the The delay time prior to gelation was measured for each of the Hb S samples, under the same conditions as those of the 1H NMR measurements, by using a turbidity method modified from ref. 17 . The Hb S samples were sealed in 5-mm highprecision NMR tubes (Wilmad, model 527-PP). The tubes were preheated for 1 min in a constant temperature bath and then placed in a thermostated cuvette in an Aminco DW-2 spectrophotometer. The change in the optical density was monitored at 700 nm as a function of time. For all the Hb S samples used, the delay time was longer than 5 hr.
Before the NMR measurements, the Hb samples were kept at SOC for -12 hr. Then, each NMR sample tube was removed from the container at 50C and placed in the NMR probe, where it was allowed to equilibrate for 20 min. The total time required to collect a set of T,-' data for one Hb sample was 100 min. The fluidity of the Hb S samples was checked before and after the NMR measurements and was found, for all Hb S samples used, to be normal.
THEORETICAL BACKGROUND
The main process responsible for the longitudinal relaxation of the surface C2 His protons in the Hb molecule is the dipolar cross-relaxation between those protons and the protons belonging to neighboring amino acid residues (16) . Consequently, the T1-1 value for a C2 His proton in the Hb molecule is directly dependent on three factors: (i) the number of protons (belonging to neighboring amino acid residues) situated in close proximity to the C2 His proton, (ii) the longitudinal relaxation rates of the neighboring protons, and (iii) the rate of cross-relaxation between the C2 His proton and the neighboring protons.
The longitudinal relaxation rates of the neighboring protons of the C2 His proton are dependent on their specific conformations and environments in the Hb molecule. Several classes of protons in the Hb molecule could function as fast-relaxing "sinks" for the longitudinal relaxation of the C2 His proton. Among them, the most efficient ones include the protons belonging to methyl groups (18, 19) and those situated very close to the paramagnetic iron atoms of the deoxy Hb molecule (16) .
The rate of cross-relaxation (R) between the C2 His proton and a neighboring proton is dependent on the distance (r) between the two protons and also on the kind of motion experienced by the dipolar vector (20, 21) :
where 'YH is the proton gyromagnetic ratio, h is Planck's constant divided by 2r, T, is the correlation time for the overall rotation of the Hb molecule, and Tr is the correlation time for the internal rotation of the histidyl residue relative to the Hb molecule. The function F increases with increasing T, and/or Tr (20, 21) .
RESULTS We have measured the longitudinal relaxation rates of the 11 C2 His protons that have resonances in the aromatic proton resonance region of the 360 MHz 'H NMR spectra of deoxy Hb A and deoxy Hb S solutions in 0.1 M Bistris, pH 6.80 in 2H20. These measurements were carried out as a function of temperature (17-370C) and Hb concentration (10-17%).
Typical 'H NMR spectra of Hb over the aromatic proton resonance region in an inversion-recovery experiment are shown in Fig. 1 , and representative sets of TI-' values of the surface C2 His protons for deoxy Hb A and deoxy Hb S solutions are given in Tables 1-3 . The experimental results can be summarized as follows. For Hb concentrations of 13.5% or less and temperatures of 250C or lower, all but one of the surface histidine resonances in the spectra of deoxy Hb S had the same T,-' values as the corresponding ones in the spectra of deoxy Hb A. The exception was the C2 proton of His-f2; at 250C, this proton relaxed about 3 times faster in deoxy Hb S than the corresponding one in deoxy Hb A (Tables 1 and 2 A are enhanced by increases in temperature or concentration suggests that these values are related to the molecular events that occur in the deoxy Hb S solution during the delay time prior to gelation.
Several investigators have shown that increases in the temperature or concentration of a deoxy Hb S solution decrease the delay time prior to gelation (17, (22) (23) (24) (25) (26) (27) (28) (29) . This dependence of the delay time on concentration and temperature can be explained in terms of the nucleation mechanism for Hb S gelation proposed by Eaton et al. (22, 30, 31) . They have postulated that, before the occurrence of large polymers, small aggregates of Hb S are being formed in the deoxy Hb S solutions. According to this mechanism, one of the factors responsible for the decrease in the delay time as the temperature or the concentration of the Hb S solutions is increased is the increase in the fraction and size of these pregelation aggregates (22, 30, 31) . Our results are consistent with this kinetic model. The increased T1-' values observed in deoxy Hb S solutions can be explained by the Accuracy of the T1-' values is +0.1 sec-1. Resonances 3,9, and 10 are for the C2 protons of His-fl146, His-/3143, and His-,82, respectively. in a free deoxy Hb S molecule. For the resonances labeled 1-9 in Table 1 , these values were equal to the corresponding ones in the deoxy Hb A solution. However, for the C2 His-32 proton, the longitudinal relaxation rate under these experimental conditions was about 3 times larger in deoxy Hb S than in deoxy Hb A, a result that, it is assumed, reflects a conformational change of the deoxy Hb S molecule in the region around the mutation site. This conformational change can be viewed as a decrease in the distances between the His-:2 residue and the The T1-' values of the C2 His protons of Hb S in the aggregated state should be larger than those in the unaggregated state. This is due to an increase in the correlation time (r,) for the overall rotation of the aggregate as compared with that of a free Hb S molecule, which results in larger cross-relaxation rates between the C2 His proton and the protons belonging to neighboring amino acid residues. The cross-relaxation process is believed to be the dominant relaxation mechanism for the C2 protons of all the surface histidyl residues in the Hb molecule.
Consequently, the increase in correlation time for the overall rotation of the Hb molecule that results from the aggregation should affect the T1-' values of all histidyl resonances to a comparable extent. Nevertheless, as given in Tables 1-3, the increase in the TI-1 values of the surface C2 His protons in deoxy Hb S is "selective"-i.e., it occurs for only a few of the 11 such protons monitored in our experiments. This finding suggests that the histidyl residues for which we have observed differences in the TI-1 values between deoxy Hb S and deoxy Hb A also undergo a specific change in their environment on the formation of the pregelation aggregates. One possible way for this to occur is to have these histidyl residues situated at or near the "contact" areas between the Hb S molecules within the pregelation aggregates. Such a positioning of the surface histidyl residues within the pregelation aggregate should enhance the dipolar interaction responsible for the longitudinal relaxation of the C2 His proton because it will (i) increase the number of protons situated in close proximity to the C2 His proton and (ii) immobilize the histidyl residue and thus increase its correlation time for internal rotation (T. 
